Injury to the adult kidney induces a number of developmental genes thought to regulate repair, including Wnt4. During kidney development, early nephron precursors and medullary stroma both express Wnt4, where it regulates epithelialization and controls smooth muscle fate, respectively. Expression patterns and roles for Wnt4 in the adult kidney, however, remain unclear. In this study, we used reporters, lineage analysis, and conditional knockout or activation of the Wnt/b-catenin pathway to investigate Wnt4 in the adult kidney. Proliferating, medullary, interstitial myofibroblasts strongly expressed Wnt4 during renal fibrosis, whereas tubule epithelia, except for the collecting duct, did not. Exogenous Wnt4 drove myofibroblast differentiation of a pericyte-like cell line, suggesting that Wnt4 might regulate pericyte-to-myofibroblast transition through autocrine signaling. However, conditional deletion of Wnt4 in interstitial cells did not reduce myofibroblast proliferation, cell number, or myofibroblast gene expression during fibrosis. Because the injured kidney expresses multiple Wnt ligands that might compensate for the absence of Wnt4, we generated a mouse model with constitutive activation of canonical Wnt/b-catenin signaling in interstitial pericytes and fibroblasts. Kidneys from these mice exhibited spontaneous myofibroblast differentiation in the absence of injury. Taken together, Wnt4 expression in renal fibrosis defines a population of proliferating medullary myofibroblasts. Although Wnt4 may be dispensable for myofibroblast transformation, canonical Wnt signaling through b-catenin stabilization is sufficient to drive spontaneous myofibroblast differentiation in interstitial pericytes and fibroblasts, emphasizing the importance of this pathway in renal fibrosis.
Wnt4 is a member of a highly conserved family of 19 secreted morphogenic glycoproteins known to regulate a variety of developmental processes and tissue homeostasis in adult organisms. 1, 2 In kidney development, Wnt4 is expressed on the ventral side of cap metanephric mesenchyme at embryonic day 10.5 and continues to be expressed until postnatal day 2 in pretubular aggregates and early stages of epithelial nephron precursors. [3] [4] [5] [6] [7] [8] [9] Wnt4 is necessary and sufficient for the transition of the condensed metanephric mesenchyme cells to an epithelial fate and is required for tubulogenesis. Metanephric development in Wnt42/2 mice arrests before the formation of renal vesicles and mice die shortly after birth due to nonfunctioning kidneys. 3, 4 The similarities between nephrogenesis and epithelial regeneration in adult led to the hypothesis that kidney regeneration recapitulates aspects of kidney development. 1, [10] [11] [12] [13] Although Wnt4 is not expressed in terminally differentiated cap mesenchyme-derived epithelia, it is reported to be re-expressed in proliferating proximal tubule epithelial cells during the repair phase of unilateral ischemia reperfusion injury (U-IRI), which would be consistent with a model in which epithelial injury triggered dedifferentiation to a mesenchymal state. 14 Wnt4 has also been shown to be reactivated in chronic kidney fibrosis. [15] [16] [17] Surendran et al. observed by in situ hybridization that Wnt4 transcripts are expressed in papilla in uninjured adult kidney, and reported that Wnt4 is induced in both the renal interstitium and collecting duct (CD) epithelium after unilateral ureteral obstruction (UUO), in contrast with the strictly tubular Wnt4 localization previously reported. 14 Other groups have confirmed Wnt4 upregulation in CKD models at the mRNA or protein level, suggesting that Wnt pathway activation may underlie epithelial to mesenchymal transition, although no further cell localization data for Wnt4 exists. [15] [16] [17] Wnt4 has also been shown to be expressed in the medullary stroma of embryonic kidney, indicating that reexpression in interstitium of injured adult kidney may represent a recapitulation of developmental signaling mechanisms. 18 We find that Wnt4 is only expressed in principal cells of papillary CDs and urothelium under basal conditions. Outside of the papilla, a tubule cell was never observed to be positive for Wnt4 at any stage, under any condition in the adult mouse kidney. Following two different injury models, U-IRI and UUO, we show that Wnt4 is specifically expressed in interstitial myofibroblasts located in the medulla, but not cortical myofibroblasts or epithelium. These Wnt4-positive cells proliferate during fibrotic injury, and although Wnt4 itself is dispensable for myofibroblast proliferation and differentiation, stabilization of b-catenin in these cells was sufficient to drive spontaneous myofibroblast activation in the absence of injury.
RESULTS

Wnt4 Expression Is Restricted to Papillary Principal Cells and Urothelium in Adult Kidney
We initially generated and examined bi-genic Wnt4 GCE/+ ; R26 tdTomato/+ reporter mice (described below and in Supplemental Figure 1 ) to determine Wnt4 expression patterns across various tissues including kidney. It is known that Wnt4 is expressed in the epithelial and stromal layers of mouse bladder 19 and we show that the tdTomato reporter is expressed within the cytokeratin-18+ and PDGF receptor b+ (PDGFRb+) cell layers of the bladder ( Figure 1A ). We detect strong expression of the Tomato fluorophore in the corneal epithelium of mouse eye, where Wnt4 expression has also been reported. 20 In addition, Tomato+ cells were observed in the stromal cells of intestine and stomach ( Figure 1A ). Finally, we used Wnt4 GCE/+ ;
R26
tdTomato/+ to detect Tomato+ cells in choroid plexus, hepatic stellate cells, epithelial and stromal cells of the ureter, and ovaries 21 (Supplemental Figure 2 and data not shown). These data indicate that Wnt4 GCE/+ ;R26 tdTomato/+ represent endogenous Wnt4 expression and can be used to study Wnt4 in a variety of tissues.
Within the kidney, Wnt4 mRNA is dramatically increased in the papilla, compared with the medulla or cortex under baseline conditions (Figure 1 , B and C). Next, we used a Wnt4 reporter mouse, referred to as Wnt4 GC/+ , to determine the specific cell type expressing Wnt4. 22 Green fluorescent protein-positive (GFP+) cells were located in the papilla and costaining with an anti-laminin antibody indicated that these GFP+ cells were tubular cells ( Figure 1D ). These cells were aquaporin 2+, confirming their CD identity. Interestingly, all CD epithelia of the medulla and cortex were GFP2, whereas papillary CD cells were GFP+ ( Figure 1D ).
To identify kidney cells with current Wnt4 expression by a complementary approach, we utilized the Wnt4 GCE/+ ; R26 tdTomato/+ mice. To distinguish between Wnt4 expression in principal versus intercalated cell types, sections of tamoxifeninjected Wnt4 GCE/+ ;R26 tdTomato/+ kidney were stained with vacuolar-type H + -ATPase (V-ATPase), which labels intercalated cells, and the distribution of V-ATPase+ cells in tdTomato+ and tdTomato2 cells was quantified. Most of the 289 V-ATPase+ cells in the papilla analyzed were tdTomato2 ( Figure 1E ) with a small proportion being difficult to categorize.
Lineage Analysis Indicates that Wnt4 Is Never Expressed in Cortical or Medullary CD Wnt4 expression in papilla was previously noted in developing kidney 23 at E15. It is not known whether Wnt4 is expressed in nonpapillary CDs throughout development. We therefore sought to answer whether cortical and medullary CDs express Wnt4 transiently, but then lose expression, or if Wnt4 is restricted to the papillary segment of CD. We crossed Wnt4 GC/+ mice with Gt(ROSA)26Sor tm4(ACTB-tdTomato,-EGFP)Luo reporter mice (Supplemental Figure 3) . 24 These mice express membrane-targeted Tomato before recombination or membranetargeted GFP after recombination. As expected, all nephron segments in the cortex and medulla proximal to the CD are mGFP+ (Figure 2A ), reflecting Wnt4 expression in the condensed metanephric mesenchyme and renal vesicle. However, the ureteric bud-derived CDs in cortex and medulla were mTomato+, indicating that they had never expressed Wnt4. As expected, aquaporin 2+ papillary epithelia were mGFP+ and mTomato2 (Figure 2A , third panel row), suggesting continued Wnt4 expression in this region.
The expression of Wnt4 in papillary CD suggested that it might reflect an adaptation to the hypoxic papillary environment. To test this, primary inner medullary CD epithelial cultures were exposed to hypoxia (3% O 2 for 24 hours). This stimulus triggered significant upregulation of PGK1, a hypoxia-responsive gene, which served as a positive control for hypoxia. 25 It also activated Wnt4 expression in these cells, Figure 2B ).
Wnt4 Is Upregulated in Medullary Interstitial Myofibroblasts during Fibrosis
In both the U-IRI and UUO injury models, Wnt4 transcript levels were significantly increased in medullary samples of injured kidneys (Figure 3 , A and C). Wnt4 expression in cortex was minimal, and no changes in papillary Wnt4 expression after injury were found (data not shown). The temporal increases in Wnt4 correlated with fibrotic marker gene expression including a smooth muscle actin (aSMA), fibronectin, and collagen 1a1 transcript expression ( Figure 3 , B and D).
To determine the cell type responsible for increased Wnt4 expression during injury, Wnt4 GC/+ mice were subject to U-IRI and UUO. We verified that GFP expression accurately reports Wnt4 expression by quantitative PCR (qPCR) (Supplemental Figure 4 ) and stained kidney sections from injured and contralateral, uninjured kidney (CLK) controls with anti-GFP and a panel of other antibodies ( Figure 3 ). Costaining of GFP and laminin in Wnt4 GC/+ mice shows that Wnt4 is expressed in the medullary interstitium in injured kidneys and was never observed in tubule epithelia ( Figure 3E and Supplemental Figure 5A ). These interstitial cells were positive for aSMA and PDGFRb indicating that Wnt4+ cells are myofibroblasts (Figure 3E and Supplemental Figure 5A ). In confirmation of our qPCR data, GFP+ cells were not observed in the cortex of kidneys subject to injury by U-IRI or UUO, indicating that Wnt4 expression defines medullary myofibroblasts in distinction with cortical myofibroblasts (Supplemental Figure 5B) . To examine other interstitial cell types, colabeling experiments with anti-GFP were conducted with anti-CD31, anti-F480, anti-neutrophil, and anti-CD3 (Figure 3, F-I ). The GFP signal did not colocalize with any of these antigens. Figure 1) . [27] [28] [29] To validate this new model in kidney, tamoxifen was administered on day 6 after UUO and mice were euthanized on day 14 after UUO. 30 Confocal images of the uninjured kidney show specific labeling in the papillary CDs as well as strong labeling of urothelium ( Figure 4 , A and C). Images of the injured kidney show expansion of labeled cells exclusively within the medulla. tdTomato+ cells colocalized with PDGFRb and aSMA ( Figure 4 , B and C). 31 As expected, PDGFRb+ and aSMA cells in the cortex were negative for the Tomato label ( Figure 4C ). To further characterize the Wnt4 expression domain, Wnt4 expression was compared with kidney injury molecule-1 expression, revealing nonoverlapping expression domains. Kidney injury molecule-1 strongly stained cortical and outer medullary proximal tubule cells, whereas Wnt4 was expressed in a complementary fashion in the inner medulla ( Figure 4C ). In addition, because tamoxifen has been shown to affect fibrosis, we show that our tamoxifen treatment paradigm did not effect fibrotic response (Supplemental Figure 6 ). 32 To fate trace Wnt4 expressing cells, we measured baseline recombination 3 days after tamoxifen administration, to be sure that no further recombination would take place. 33, 34 Wnt4 GCE/+ ;R26 tdTomato/+ mice were injected with tamoxifen 4 days after UUO injury and euthanized on day 7 and day 14. tdTomato+ cells were counted in coronal kidney sections of five mice at day 7 after UUO, which reflects the Wnt4+ cells present during days 4-7 after UUO ( Figure 5A and Supplemental Figure 7) . tdTomato+ cells were then counted from five mice at day 14 after UUO ( Figure 5B ). We found that the number of tdTomato+ myofibroblasts essentially doubled in UUO injured kidney from day 7 to day 14 ( Figure 5B ). This may be an underestimation because cell proliferation likely occurred between the time of tamoxifen injection (day 4) and the time of baseline measurement (day 7).
Exogenous Wnt4 Induces Myofibroblast Differentiation In Vitro
We next asked whether Wnt4 was sufficient to induce aSMA expression in vitro using the 10T1/2 mesenchymal cell line. [35] [36] [37] We used this line because, similar to kidney pericytes, these cells do not express aSMA but increase its expression upon differentiation into myofibroblasts. 31 Treatment of 10T1/2 cells with the prototypical canonical Wnt pathway ligand, Wnt3a, induced robust expression of canonical Wnt target gene Axin2 ( Figure 6A ). Wnt4 induces a much lower level of Axin2 (,2-fold compared with 250-fold), raising the possibility of noncanonical signaling by Wnt4. Surprisingly, TGF-b produced a consistent and significant downregulation of Axin2 expression in this cell type. Treatment with TGF-b is known to increase expression of aSMA in these cells. 36 We typically observed 3-to 5-fold upregulation of aSMA transcript after treatment with 2 from Wnt4 GCE/+ ;R26 tdTomato/+ stained with anti-V-ATPase to identify intercalated cells. Quantification reveals that .90% of V-ATPase+ cells are tdTomato2. In B, n=3 or 4 per group. Data analyzed by one-way ANOVA. **P,0.0001 (Tukey's multiple comparison test). EC, epithelial cell; SC, stromal cell; CE, corneal epithelium; CS, corneal stroma; DAPI, 4',6-diamidino-2-phenylindole. Scale bars, 100 mM in 310 images in A; 50 mM in 340 images in A; 10 mM in 380 in A.
ng/ml of TGF-b ( Figure 6B ). Interestingly, treatment with Wnt4 and Wnt3a produced an upregulation of aSMA in these cells that was comparable to TGF-b, indicating that Wnt ligands can promote the expression of this fibrogenic gene in vitro. 10T1/2 cells were also treated with glycogen synthase kinase 3b inhibitor CHIR99021, which is known to activate canonical b-catenin signaling. 38 This compound significantly increased aSMA transcript compared with vehicle controls and at levels comparable to TGF-b treatment (Supplemental Figure 8 ).
Conditional Deletion of Wnt4 in Interstitium
To determine whether Wnt4 is necessary for myofibroblast differentiation and interstitial fibrosis in medulla, we generated mouse model to knock out Wnt4 specifically in interstitial fibroblasts/pericytes, the cells that eventually become myofibroblasts. 31 Figure  9) . The Wnt4 flox/+ mice are controls, in that they still carry a wildtype Wnt4 allele. Mice were born at the expected Mendelian frequency and had no kidney phenotype. UUO was carried out on Wnt4 flox/+ and Wnt4 del/flox mice and lacZ expression patterns were visualized in sections of the contralateral and injured kidney. Sections from the contralateral (uninjured) and UUO kidney of control and knockout mice show that interstitial cells, mesangial cells, and vascular smooth muscle cells (VSMCs) are all positive for lacZ, confirming Cre activity in these cells ( Figure  7A ).
Decreased Wnt4 Expression in Conditional Knockouts with Normal Fibrotic Response
To analyze the contribution of myofibroblast-derived Wnt4 in fibrosis, UUO was performed on Wnt4 flox/+ (n=6) and Wnt4 del/flox (n=8) mice that were euthanized on day 10. Wnt4 expression in the injured kidneys of Wnt4 flox/+ mice increased approximately 30-fold over the contralateral kidney. We observed a significant 75%-80% decrease in Wnt4 transcript expression in injured Wnt4 del/flox kidneys compared with Wnt4 flox/+ controls ( Figure 7B ), validating our cell-specific Transcript expression analysis with qPCR indicates that Wnt4 expression is significantly higher than sham controls 7, 14, and 28 days after injury. Cortical Wnt4 expression is significantly lower than medullary expression at days 7, 14, and 28. Cortical Wnt4 expression is significantly higher than sham at day 14 only. (B) Analysis of fibrotic markers aSMA, fibronectin, and collagen 1a1 by qPCR show significant increase at days 3, 7, 14, and 28 after U-IRI. (C) Kidney cortex and medulla samples are prepared from UUO at 5 and 10 days after surgery and processed for qPCR. Wnt4 transcript is significantly higher than sham in the medulla and cortex 5 days and 10 days after UUO. Medulla Wnt4 expression is significantly higher than cortex expression on both day 5 and day 10. (D) Transcripts for fibrotic genes aSMA, fibronectin, and collagen 1a1 are significantly higher on days 5 and 10 after UUO compared with sham controls. (E) Seven days after U-IRI, anti-GFP antibody immunofluorescent colabeling of knockout strategy. Wnt4 protein expression was also analyzed in lysates obtained from tissue samples. As expected, Wnt4 protein was increased in the Wnt4 flox/+ UUO kidney compared with contralateral kidney, and there was no detectable increase of Wnt4 protein in UUO Wnt4 del/flox kidneys compared with contralateral kidneys (Figure 7, F-H Figure 7I ). Wnt4 protein expression in Wnt4 del/flox UUO kidneys are comparable to protein expression in CLK kidneys. Expression of aSMA, collagen 1a1, and fibronectin transcripts were all increased after UUO in controls; however, there was no change in these markers in Wnt4 del/flox mice (Figure 7 , C-E). In sections, levels of aSMA and F480 were quantified by digitally assessing the average number of positive pixels per section and comparing Wnt4 flox/+ and Wnt4 del/flox mice. The number of positive Ki67+ cells were counted and also compared between genotypes. We did not observe any difference between groups in these assays (Supplemental Figure 10 ).
To determine whether conditional knockdown of Wnt4 modulated canonical Wnt signaling, transcript levels of Axin2 and Lef1 in Wnt4 flox/+ and Wnt4 del/flox mice were analyzed. Although both genes displayed a significant increase over their respective control kidney samples, they were not significantly different after UUO (Figure 8, A and B) . b-catenin protein was also analyzed by Western blot in control and UUO kidneys of Wnt4 flox/+ and Wnt4 del/flox mice. Although an increase in stabilized b-catenin protein was apparent in UUO samples compared with control, comparison between genotypes did not show a significant difference after UUO (Figure 8 , C-E, and data not shown). It has also been shown that a variety of the 19 different Wnt ligands significantly increase in kidney after UUO. 17 Analysis of transcripts of Wnt3a, Wnt5a, Wnt6, Wnt7b, Wnt10a, and Wnt16 showed that they were all significantly upregulated in UUO kidney compared with CLK of both genotypes (Supplemental Figure 11) .
Because other upregulated Wnt ligands might compensate for the absence of Wnt4, we next asked whether activation of canonical Wnt signaling might spontaneously induce pericyte/ fibroblast to myofibroblast transition. It was previously shown in the kidney and in other organs that b-catenin signaling plays a major role in the development of fibrosis [43] [44] [45] [46] [47] [48] [49] [50] [51] ; however, our results suggested that b-catenin remained active in the Wnt4 mutants. Therefore, rather than deleting Wnt pathway components and assessing the effect on fibrosis, we sought to activate b-catenin signaling pathway in uninjured cells, and ask whether this led to spontaneous myofibroblast activation. Therefore, we crossed Gli1 CE/+ with Catnb DEx3/DEx3 to obtain Gli1 CE/+ ; Catnb DEx3/+ mice. Catnb DEx3/DEx3 mice contain LoxP sequences flanking exon 3 in the b-catenin coding sequence and when exon 3 is excised by Cre mediated recombination, a truncated, stable and constitutively active form of b-catenin is produced. 44, 52 We, and others, previously showed that Gli1 is expressed in kidney interstitial fibroblasts. 1, 53 We treated adult Gli1 CE/+ ;Catnb DEx3/+ mice with tamoxifen, and show in Figure  8F that b-catenin protein is upregulated after 14 days, compared with corn oil controls in uninjured kidney lysates. Importantly, mice with increased interstitial b-catenin expression show increased aSMA protein and mRNA transcript expression compared with controls (Figure 8, F 
and G). Because CreERt2 is expressed in only a fraction of interstitial stromal cells in Gli1
CE/+ mice, the induction of aSMA was much smaller than seen in UUO, reflecting b-catenin stabilization in only a small fraction of total kidney pericytes and fibroblasts. To identify cells that had undergone recombination, we produced a tri-genic mouse (Gli1 CE/+ ; Catnb DEx3/+ ; tdTomato +/2 ) in which cells with stabilized b-catenin would also coexpress tdTomato. There were no tdTomato+/aSMA+ kidney cells in corn oil-treated mice but Figure 8H depicts an example of a tdTomato+/aSMA+ interstitial cell in uninjured mouse kidney, demonstrating that b-catenin stabilization is sufficient to drive aSMA expression. Overall, these data provide definitive evidence that canonical Wnt signaling is sufficient to drive myofibroblast differentiation in the absence of an injury stimulus.
DISCUSSION
In this study we comprehensively defined the regulated expression of Wnt4 during adult kidney homeostasis and CKD. Previous evidence implicated Wnt4 re-expression after acute injury in epithelial cells, although other reports indicated both interstitial and epithelial expression after chronic injury. Because Wnt4 is required for mesenchymal to epithelial transition in development, we reasoned that Wnt4 re-expression after injury could play a role in the injury response by driving the re-differentiation of injured tubular epithelia. Such a outer medulla from CLK and U-IRI kidney sections along with anti-laminin (basement membrane marker), anti-aSMA, and anti-PDGFRb (myofibroblast markers) antibodies. Nuclear GFP appears outside of all tubules and colocalizes with cells positive for aSMA and PDGFRb. This result adds complexity to the current hypothesis that adult kidney injury recapitulates developmental signaling paradigms. There are several examples of developmental signaling pathways that are reactivated in the adult descendants of progenitor cells during injury. Fibroblast growth factor-7, 54 the notch pathway, 55 and Gli1 re-expression 1 are examples of developmental pathways being reactivated during injury in the adult. Wnt4 is expressed in epithelial progenitors during development and is required for tubulogenesis, and Wnt4 is also expressed developmentally in medullary stroma. 18 Although a requirement for Wnt4 in stromal differentiation is less clear, Itäranta et al. suggest that Wnt4 is necessary for control of smooth muscle cell fate in the kidney. 18 We find that Wnt4 is reactivated in adult stroma-pericytes and fibroblasts-but it is not reactivated in tubule epithelium. The reason for this latter finding is not entirely clear, but one possibility is that Wnt4 is required so early in tubulogenesis, in the pretubular aggregate, that epithelial dedifferentiation after injury does not revert to this early developmental stage.
The expression of Wnt4 in medullary myofibroblasts during kidney fibrosis also emphasizes the regional heterogeneity of stromal cells in adult kidney-an area that has not received much investigation. A recent review by Boor and Floege describes the dearth of molecular data available to accurately describe renal fibroblasts and myofibroblasts. 56 These cell types are clearly part of a heterogeneous group and our report identifies Wnt4 as a specific marker of medullary myofibroblasts. By contrast, CD73 (ecto-59-nucleotidase) is expressed exclusively in cortical, but not medullary, interstitial cells of uninjured rat kidney and serves as another example of regional specificity of stromal cells. Although it is increasingly clear that medullary and cortical stroma are not equivalent, the functional differences between pericytes and fibroblasts from these separate regions are largely unexplored. 57 To our knowledge, Wnt4 is the first marker that distinguishes medullary aSMA+ kidney myofibroblasts from cortical myofibroblasts.
Cell-specific Wnt4 knockout in kidney stroma had no effect on fibrosis or myofibroblast proliferation, despite the ability of Wnt4 to drive myofibroblast differentiation in vitro. Several possible explanations can be envisioned. Because Wnt4 can diffuse, it is possible that we did not achieve sufficient knockout of Wnt4 to prevent signaling from the fraction of cells that escaped recombination. Although this is unlikely based on the near complete absence of Wnt4 protein after UUO in medullary lysates ( Figure 7I ), it cannot be ruled out based on the observation that Wnt4 mRNA was only reduced by 75%. Conceivably, Wnt4 protein derived from CD could also compensate. In addition, Wnt4 may be delivered from infiltrating cells, such as macrophages, which would be detected in RNA extracted from injured kidney. 58 Finally, it is well known that different Wnt ligands with redundant and overlapping functions are upregulated in kidney fibrosis. Despite Wnt4 knockout, stabilized b-catenin was still significantly increased in the fibrotic kidney, and canonical Wnt target genes were significantly upregulated (Figure 8 and Supplemental Figure 11 ). This raises the most likely explanation that other upregulated Wnt ligands compensate for the absence of Wnt4. Our finding that b-catenin stabilization in interstitial stromal cells drives myofibroblast differentiation provides direct evidence for the importance of this pathway in kidney fibrosis, and is consistent with the notion that Wnt4 knockout had no effect on fibrosis due compensatory canonical Wnt signaling by other upregulated Wnt ligands. The ability of other Wnt ligands to recapitulate the role of Wnt4 as an inducer of mesenchymal to epithelial transition (MET) during nephrogenesis is also consistent with functional redundancy. 4 Although deletion of Wnt4 does not modify fibrosis, we show an important role for the canonical Wnt pathway in myofibroblast differentiation because stabilization of b-catenin in interstitial stromal cells was sufficient to drive expression of the myofibroblast marker aSMA spontaneously, in the absence of an injury stimulus (Figure 8 ). This observation provides definitive evidence that canonical Wnt signaling is important in myofibroblast transition, consistent with the ability of canonical pathway inhibitors dickkopf-1, dickkopf-2, or secreted frizzled-related protein-4 to ameliorate fibrosis in various tissue types. 17, 43, [58] [59] [60] These results are also consistent with an important role for b-catenin signaling in the development of fibrosis in other organs. [43] [44] [45] [46] [47] [48] [49] [50] [51] As a consequence, efforts to develop antifibrotic therapies should not target a single Wnt ligand but rather should block either multiple Wnt ligands or alternatively inhibit downstream effectors of the entire pathway.
CONCISE METHODS
Animal Experiments
All mouse experiments were performed according to the animal experimental guidelines issued by the Animal Care and Use Committee at Harvard University. Wild-type mice were 8-to 12-week-old C57Bl/6N mice from Charles River Laboratories. Wnt4 GC/+ mice were generated as described by Mugford et al. 22 Wnt4 GCE/+ were generated as described by Kobayashi et al. 26 Foxd1 GC/+ mice were described by Humphreys et al. and full details of their generation will be described elsewhere (A.K. and A.P.M., unpublished reagent). 31 Wnt4 del/+ were described by Stark et al. 3 and Wnt4 flox/flox were generated by Akio
Kobayashi and described Kobayashi et al. 40 The reporter mice R26 lacZ , R26 mTmG , Gli1
CreERt2
, and R26 tdTomato were obtained from the Jackson Laboratory with stock numbers 9427, 7576, 7913, and 7914, respectively. 24, 28, 42 Catnb DEx3/DEx3 mice were described by Harada et al. 52 All genetic mouse models were maintained on a mixed C57Bl6/129sv background. For surgical models, mice aged 8-12 weeks were anesthetized with pentobarbital sodium (60 mg/kg body weight) before surgery, and body temperatures were controlled at 36.5°C-37.5°C throughout all procedures. For UUO, the left kidney was exposed through a flank incision and the left ureter tied off at the level of the lower pole with two 3.0 silk ties. For U-IRI, the left kidney was exposed through a flank incision, and the renal pedicle was clamped with nontraumatic microaneurysm clamps (Roboz), which were removed after 28 minutes. Reperfusion was visually verified. Two hours after surgery, 1 ml of 0.9% NaCl intraperitoneally was administered. Tamoxifen was diluted in corn oil and 3% ethanol to 20 mg/ml. Three milligrams of tamoxifen was injected into Wnt4 GCE/+ ; R26 tdTomato/+ mice 4 days after UUO and mice were euthanized 7 days or 14 days after UUO.
Real-Time PCR Experiments
Cortex, medulla, and papilla tissue samples were subdissected out of mouse kidney and snap-frozen in liquid nitrogen. RNA was extracted using the Qiagen RNeasy Mini Kit and 600 ng of total RNA was reversed transcribed with iScript (BioRad). Real-time qPCR was performed using iQ-SYBR Green supermix (BioRad) and the BioRad CFX96 Real-Time System with the C1000 Touch Thermal Cycler. Cycling conditions were 95°C for 3 minutes then 40 cycles of 95°C for 15 seconds and 60°C for 1 minute, followed by 1 cycle of 95°C for 10 seconds. Glyceraldehyde-3-phosphate dehydrogenase was used as the loading control. See Supplemental Figure 12 for primer sequences used. 
Tissue Preparation and Histology
Mice were anesthetized with isoflurane and immediately perfused via the left ventricle with ice-cold PBS for 1 minute. Kidneys were fixed in 4% paraformaldehyde (PFA) on ice for 2 hours, and then incubated in 30% sucrose in PBS at 4°C overnight. Optimum cutting temperature-embedded (Sakura Finetek) kidneys were cryosectioned into 7-mm sections and mounted on Superfrost slides (Fisher). For immunofluorescence studies, sections were washed in 13 PBS, blocked in 10% normal goat serum (Vector Labs), and incubated with various primary antibodies, including the following: chicken anti-GFP at 1:2000 (category no. 14-1402; Aves Labs), FITC-conjugated antiaSMA at 1:1000 (category no. F3777; Sigma ) rat anti-F4/80 1:500 (category no. ab6640; Abcam), rat anti-CD31 1:500 (category no. 14-0311; eBioscience), rabbit anti-aquaporin 2 at 1:200 (category no. 15116; Abcam), rabbit anti-CD3 1:500 (category no. VP-RM01;Vector Labs), rabbit anti-laminin at 1:1000 (category no. L9393; Sigma), rat anti-mouse neutrophil at 1:500 (category no. sc-71674; Santa Cruz Biotechnology), rabbit anti-V-ATPase B1/2 at 1:150 (category no. sc20943; Santa Cruz Biotechnology), and rabbit anti-Ki-67 at 1:200 (category no. VP-RM04; Vector Labs). Secondary antibodies were FITC-, Cy3-, or Cy5-conjugated (Jackson ImmunoResearch). Sections were then stained with 4',6-diamidino-2-phenylindole counterstain and mounted in Prolong Gold (Invitrogen).
To identify lacZ activity in kidney sections, PFA fixed frozen sections were incubated in standard 5-bromo-4-chloro-3-indolyl-b-Dgalactoside for 24 hours counterstained with nuclear Fast Red and mounted.
Quantification of tdTomato+ after UUO was done on five mice in each group. Pictures were taken across entire section in order to capture all positive cells in a coronal kidney section. Positive cells were counted manually. V-ATPase-positive cells were counted from the papilla of three different mice and colocalization was determined. All images were obtained by confocal or standard microscopy (C1 Eclipse or Eclipse 90i, respectively; both from Nikon).
Western Blot Analyses
Kidneys were dissected and snap-frozen in liquid nitrogen and stored at 280°C. Tissue samples were homogenized in lysis buffer containing 10 mM HEPES, pH 7.4, 0.32 M sucrose, 2 mM EDTA, 1 mM dithiothreitol, 1 mM PMSF and 1 protease inhibitor tablet per 10 ml of lysis buffer (category no. 11836153001; Roche). Samples were sonicated and protein concentration was determined by the Bradford assay. Ten to twenty micrograms of protein from lysates was loaded on a 10% polyacrylamide gel and separated by SDS electrophoresis. Proteins were transferred to polyvinylidene difluoride membrane, blocked in 5% milk in PBSTw, and probed overnight at 4°C with various primary antibodies diluted in blocking solution including the following: goat anti-Wnt4 at 1:1000 (category no. AF475; R&D Systems), mouse anti-aSMA at 1:5000 (category no. A2547; Sigma), mouse anti-b-catenin at 1:2000 (category no. 610154; BD Transduction Laboratories), and rabbit anti-glyceraldehyde-3-phosphate dehydrogenase at 1:4000 (category no. A300-641A; Bethyl Laboratories). After incubation with primary antibody, blots were washed, probed with respective horseradish peroxidase-conjugated secondary antibodies at 1:5000 (category no. P0447, 0448, 0449; Dako) for 1 hour at room temperature, and then visualized using the Western Lightning enhanced chemiluminescence (ECL) kit from PerkinElmer (category no. NEL100001EA).
Cell Culture
We cultured 10T1/2 cells (American Type Culture Collection) in basal Eagle's medium (Gibco; Invitrogen) supplemented with 10% FBS, penicillin and streptomycin, and 2 mmol/L glutamine. Cells were starved overnight by replacing media with 0.5% FBS and subsequently treated with recombinant Wnt4 at 250 ng/ml (category no. 475-WN-005; R&D Systems), Wnt3a at 200 ng/ml (category no. 1324-WN-010, R&D Systems), or TGF-b at 2 ng/ml (category no. 100-21; PeproTech) for 24 hours. RNA was subsequently extracted and real-time qPCR was performed as above.
Primary inner medullary CD epithelial cells were generated from pooling 12 dissected papillae from 6 mice. Papillae were dissected form mice perfused with sterile PBS, finely minced with a razor, and incubated at 37°C for 40 minutes in a 1 mg/ml collagenase type 2 (Worthington, LS-004176) solution diluted in DMEM. One half volume of 10% FBS was added to the collagenase solution to terminate enzyme reaction. The digest was filtered with a 100 mM sieve, the filtrate was centrifuged, and the supernatant was removed. Pellets were then resuspended in sterile PBS and centrifuged, the supernatant was removed, and pellets were resuspended in 10 ml of RenaLife growth media with RenaLife Life Factors (LL-0025). Cells were plated in six-well cell culture dishes that had been coated in 2% gelatin.
Statistical Analyses
Statistical analyses were performed using Prism 5.0 (GraphPad Software Inc.). Comparison of two groups was performed by twotailed t test. Comparison of more than two groups was performed by one-way or two-way ANOVA followed by Tukey's post test. A P value ;tdTomato +/2 mouse expressing aSMA. In A and B, data are analyzed by two-way ANOVA comparing between genotypes in each condition. In G, data are analyzed by the t test. DAPI, 4',6-diamidino-2-phenylindole.
